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An integrated microdevice is developed for the analysis of gene
expression in single cells. The system captures a single cell, tran-
scribes and amplifies the mRNA, and quantitatively analyzes the
products of interest. The key components of the microdevice
include integrated nanoliter metering pumps, a 200-nL RT-PCR
reactor with a single-cell capture pad, and an affinity capture
matrix for the purification and concentration of products that is
coupled to a microfabricated capillary electrophoresis separation
channel for product analysis. Efficient microchip integration of
these processes enables the sensitive and quantitative examina-
tion of gene expression variation at the single-cell level. This
microdevice is used to measure siRNA knockdown of the GAPDH
gene in individual Jurkat cells. Single-cell measurements suggests
the presence of 2 distinct populations of cells with moderate
(=~50%) or complete (~0%) silencing. This stochastic variation in
gene expression and silencing within single cells is masked by
conventional bulk measurements.
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S ingle-cell analysis is a powerful approach for understanding
changes in gene expression within an isogenic cell popula-
tion. Traditional gene expression analysis techniques such as
microarrays (1) and serial analysis of gene expression (2) are not
sensitive enough to analyze changes at the single-cell level and
only report on the ensemble average behavior of a large numbers
of cells. Recently, a variety of highly sensitive and specialized
techniques have been developed for probing gene expression in
single cells (3-11). Although many of these approaches offer the
advantage of real-time monitoring, the protocols required are
laborious, often require cellular engineering, and have limited
multiplexing capabilities.

Newly developed microfluidic technologies and methods en-
able single-cell analysis in a format that can be scaled to large
numbers of cells (11-13). Microfluidic devices present a pow-
erful platform for probing single cells because the intrinsic
length (1-100 wm) and volume scales (picoliters—nanoliters) are
close to the size and volume of single cells (=1 pL). The biggest
advantage microfluidics offers is the ability to integrate all
processing steps into a single device, eliminating sample con-
tamination and product loss, which would preclude sensitive,
reproducible, and quantitative single-cell analysis.

The 3 steps that must be integrated into a microdevice to
perform single-cell gene expression analysis are cell selection
and localization, enzymatic reaction, and quantitative detection
of the analyte of interest. Although many microfluidic systems
have demonstrated 1 or 2 of these elements, the successful
integration of all 3 is extremely challenging. Early microfluidic
systems successfully coupled PCR chambers to capillary elec-
trophoresis (CE) separation channels (14, 15). Recent integrated
microsystems have demonstrated a significant increase in detec-
tion sensitivity (16, 17), the handling of crude samples (18), and
massive parallelism (12). Despite these advances, no integrated
microfluidic device has successfully coupled all 3 steps into a
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single platform to measure changes in gene expression directly
from single cells. The fundamental hurdle has been the efficient
transfer of analyte between each nanoliter-processing step.

Results and Discussion

To address this challenge, we have developed an integrated
microfluidic device with all of the necessary elements for
single-cell gene expression profiling and used it to perform a
study of single-cell gene silencing [Fig. 1 and supporting infor-
mation (SI) Fig. S1]. Cells are functionalized with a 20-base
oligonucleotide on their surface to enable capture on a gold pad
by DNA hybridization (19, 20). Multiplex gene expression anal-
ysis from GAPDH mRNA and control 18S rRNA is performed
on 2 cell populations. The first cell population consists of
untreated Jurkat T lymphocyte cells grown under normal con-
ditions exhibiting homogenous high expression of both target
genes (Fig. 14). The second cell population is treated with
siRNA directed at GAPDH mRNA (Fig. 1B). The degree to
which GAPDH mRNA is silenced in individual cells is probed
relative to the 18S rRNA control.

The gene expression microdevice contains 4 independently
addressable arrayed analysis systems on a 100-mm-diameter
glass wafer (Fig. 2). Each of the identical microsystems contains
4 distinct regions that are integrated to enable maximal transfer
efficiency between processing steps. The first region is a 3-valve
pump for moving material from the sample inlet through the
reactor region (21). In the reactor region, single cells are
captured, lysed, and the mRNA of interest is reverse transcribed
and amplified by RT-PCR (22). The affinity capture region
comprises a hold chamber that acts as a reservoir and a capture
chamber where amplicons are immobilized, purified, and con-
centrated in an affinity capture gel matrix (23). Finally, the
system contains a CE separation channel for the size-based
separation and quantitation of products.

The complete analysis from single-cell capture to CE separa-
tion and detection is performed in <75 min as outlined in Fig.
3A. First, Jurkat cells are functionalized with a 20-base oligo-
nucleotide (Fig. 3B). Jurkat cells are grown with a synthetic
peracetylated N-azidoacetylmannosamine (AcsManNAz) sugar
that is metabolized by the cell and results in the presentation of
azido groups on the cells’ surface (19, 20, 24, 25). Phosphine-
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Fig. 1. Overview of single-cell gene silencing assay. Jurkat cells are cultured
and surface-labeled, a single cell is captured on a target pad via DNA duplex
formation, and an RT-PCR expression profile is generated. (A) Cells under
normal growth conditions exhibit homogenous high expression of GAPDH
(green cells) compared with a control 185 rRNA. (B) Cells treated with siRNA
directed at GAPDH exhibit varying levels of mRNA knockdown.

modified ssDNA is reacted with the azido group via Staudinger
ligation, generating a population of cells functionalized with
~270,000 ssDNA molecules per cell. Inside the reactor, the
complementary 20-base strand of thiol-modified capture DNA
is immobilized on a photolithographically defined 25- X 25-um?
size-limiting gold pad with a gold-thiol linkage. Cells are flowed
into the reactor and immobilized on the gold pad via DNA
hybridization. The size of the pad ensures that only 1 cell will
bind. In previous reports we have shown that the combination of
metabolic engineering and DNA-based attachment leads to
significantly less cellular activation than antibody or lectin-based
methods (19, 20, 24, 25). Thus, although any attachment method
would be expected to have some effect on cell behavior, the
DNA-based method minimizes these effects.

After washing the residual uncaptured cells out of the reactor,
the captured cell is prepared for analysis (Fig. 3C). After a rapid
30-s freeze—thaw lysis, the target mRNA is reverse-transcribed
into a stable cDNA strand during a 15-min incubation at 42 °C.
Then, 30 cycles of PCR amplification are completed in the same
200-nL reactor in 25 min. All RT-PCR products are then
quantitatively transferred from the reactor to the separation
channel for size analysis (23). Amplified fragments and unre-
acted RT-PCR mixture are pumped from the reactor into the
hold chamber and electrophoretically driven from the waste to
the cathode reservoir. Fragments of interest with complemen-
tarity to the affinity capture probe are quantitatively concen-
trated and immobilized at the entrance of the capture chamber,
creating a purified capture plug. The affinity capture matrix
comprises a linear polyacrylamide (LPA) gel copolymerized
with two 20-base oligonucleotide capture probes complementary
to the fragments of interest (20 wM). This capture process uses
sequence-specific helix invasion to immobilize the dsDNA am-
plicons (23). The capture probes are complementary to se-
quences 23 and 47 bases from the end of the GAPDH and 18S
rRNA amplicons, respectively. By placing the probes internal to
the priming sites, the capture gel also acts as a purification matrix
to remove unreacted high-molarity FAM-labeled primers. Fi-
nally, the purified and concentrated products are thermally
released at 80 °C from the affinity capture gel, electrophoreti-
cally separated, and quantitated by confocal fluorescence de-
tection (Table S1 and Fig. S2).
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Fig.2. Microfluidic device layout. Schematic showing half of the device (2 of
the 4 complete systems) for single-cell gene expression profiling. The 4-layer
glass—PDMS-glass—glass microdevice contains 4 distinct regions. The first
region at the top is a 3-valve pump. The reactor region consists of a photo-
lithographically defined gold cell-capture pad in the center of a 200-nL
reaction chamber along with RTDs and a microfabricated heater for thermal
cycling. The affinity capture region comprises a hold chamber and an affinity
capture chamber (yellow). Finally, the thermally released amplicons are ana-
lyzed on the CE separation channel (red). Each device contains 4 indepen-
dently addressable systems enabling the analysis of 4 single cells in parallel. All
channels are etched to a depth of 20 um.

The integrated microfluidic gene expression analysis system
yields quantitative data on the gene silencing of individual cells.
As expected, the untreated Jurkat cells exhibit normal expres-
sion of GAPDH mRNA and 18S rRNA (Fig. 44). The repre-
sentative electropherogram shows 2 strong peaks migrating at
160 s and 185 s for the 200-bp GAPDH and the 247-bp 18S rRNA
targets, respectively (Figs. S3 and S4). Moreover, the use of the
capture matrix to immobilize the fragments of interest removes
all unreacted primers from the separation, enabling us to look at
both small and large amplicons without interference. A single
Jurkat cell electroporated with siRNA directed at GAPDH
mRNA produces only a single peak for 18S rRNA at 185 s.
Single-cell experiments from 8 individual cells show expression
of the GAPDH mRNA at 0, 5,50, 1, 48, 0, 5, and 0% of untreated
Jurkat cells (Fig. 4B and Table S2). This analysis indicates that
single cells fall into populations with moderate (=50%) or
complete silencing (=0%). These single-cell measurements dif-
fer fundamentally from a bulk measurement performed on 50
Jurkat cells under the same conditions where the expression of
GAPDH is reduced to 21 * 4% (n = 4) of its original value.
Thus, the ensemble average measured for gene silencing masks
the stochastic diversity of individual cellular response. A control
assay where no cell is captured on the pad exhibits no products,
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Schematic of the biochemical steps performed in the integrated gene expression microdevice. (Upper) The analysis is complete in <75 min. (Lower) (A)

Depiction of the operation of the single-cell gene expression microsystem. (B) First, cells functionalized with a 20-base oligonucleotide on their cell membrane
are flowed into the reactor. (C) A single cell is captured on a size-limiting 25- X 25-um?2 gold pad when the ssDNA on its exterior binds to the complementary
capture strand immobilized on the gold pad. (D) The immobilized cell is freeze-thaw lysed, and mRNA is reverse-transcribed into a stable cDNA strand (15 min).
PCR amplification (30 cycles) is completed in 25 min. (E) Amplified fragments and unreacted RT-PCR mixture are pumped from the reactor into the hold chamber
and electrophoretically driven from the waste (W) to the cathode (C) reservoirs. (F) Fragments of interest with complementarity to the affinity capture probe
are concentrated and immobilized at the entrance of the capture chamber creating a purified capture plug. (G) Finally, the products are thermally released at
80 °C from the affinity capture gel and electrophoretically separated as they migrate toward the anode (A). Fluorescently labeled amplicons are detected by

confocal fluorescence to determine their amount and identity.

verifying that there is no carryover contamination in the system.
Similarly, a PCR control without reverse transcriptase shows no
amplification, ensuring that the amplification template is RNA
and not DNA.

To ensure that the variation in silencing behavior is not a
simple function of the amount of siRNA introduced during the
electroporation process, cells were treated with a fluorescently
labeled siRNA. Cells grown under normal conditions showed an
average uptake of the Cy3-labeled siRNA of 17 = 2 relative
fluorescence units (rfu) (Table S1) with 4 of 30 cells appearing
at a slightly elevated level of 22 rfu. If electroporation variability
were the cause of the 2 cellular populations, we would expect
13% of the cells to be characterized as completely silenced and
87% as moderately silenced. The single-cell gene expression
analysis performed in the microfluidic device shows the opposite
trend (Fig. 4B). In addition, the GAPDH gene was sequenced to
examine whether the population of cells experiencing moderate
silencing arises from a heterozygotic polymorphism in the
siRNA-binding domain. The sequence was found to be without
mutation (Fig. S5). Thus, the 2 populations of cells revealed here
are not a trivial result of siRNA delivery, genetic variation, or cell
viability.

The occurrence of 2 distinct cellular populations with different
levels of gene silencing has been detected (26). Measurements of
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enhanced green fluorescent protein production in human em-
bryonic stem cells (hESCs) have shown an all-or-nothing re-
sponse to siRNA treatment, but the underlying mechanism was
not characterized. Our system demonstrates the unique ability to
perform quantitative transcript analysis, revealing that although
80% of the cells exhibited the expected complete inhibition, 20%
exhibited 50% inhibition. This suggests the presence of a genetic
or phenotypic bistability or switch that controls the degradation
of the siRNA, blocks its target binding, or inhibits transcript
degradation. Of these only the latter 2 mechanisms would
provide a nontrivial explanation for the 50% inhibition level. A
more exhaustive study is now called for to verify the biphasic
expression trend observed here and to explore its mechanistic
origin. Because the fabrication of highly parallel structures is one of
the key advantages of our approach, scaling up to 96-analyzers
would provide the throughput necessary for this type of study (27).

Our ability to perform 1-step RT-PCR amplification in our
expression microdevice with only 30 cycles of PCR in a single
reactor is a direct result of efficient integration. First, the use of
glass rather than porous polymeric materials prevents product
absorption. Second, the high thermal conductivity of glass
enables rapid thermal cycling and increased reaction efficiency.
Third, the use of pneumatic valves and pumps allows for the
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APPLIED BIOLOGICAL

SCIENCES


http://www.pnas.org/cgi/data/0806355106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0806355106/DCSupplemental/Supplemental_PDF#nameddest=SF5

Lo L

P

2N

GAPDH
205 bp
247 bp

<
=
x
(22}
0

(1) Untreated Jurkat

N
o
1

(2) Jurkat treated with
GAPDH siRNA

RFU (x10°)
o o

-
o
S

Normalized GAPDH O
expression with siRNA

# of events OO
N

o

25 50 75 100
Normalized GAPDH
expression with siRNA

Fig. 4. Gene expression and silencing at the single-cell level. (A) Represen-
tative gene expression electropherograms from individual Jurkat cells (1). A
single wild-type cell with primers targeting GAPDH (200 bp) and 18S rRNA (247
bp) generates 2 strong peaks migrating at 160 s and 185 s, respectively (2). A
single cell electroporated with siRNA directed at GAPDH mRNA shows only a
single peak for 185 rRNA. (B) Gene expression of GAPDH for Jurkat cells
treated with GAPDH siRNA relative to normal untreated cells. GAPDH expres-
sion has been normalized to a control 185 rRNA for comparison. Experiments
from 8 individual cells show GAPDH mRNA levels at 0, 5, 50, 1, 48, 0, 5, and 0%
of normally untreated Jurkat cells. However, a representative bulk measure-
ment from 50 cells shows GAPDH expression at 21 += 4%. When no cell is
captured on the pad there is no amplification. Similarly, a PCR control with no
reverse transcriptase shows no amplification. (C) Histogram of the number of
events for siRNA treated cells shows that there are 2 distinct populations of
cells whose expression levels are very distinct from the population average.

efficient transfer of nanoliter bolus material. Finally, the affinity
capture, purification, and concentration process enables the
quantitative analysis of all generated products, a dramatic im-
provement over the use of a traditional cross-injector (28) or
hydrodynamic pressure injector (18), which only permits a small
portion (<1%) of the products to be analyzed. These advanta-
geous attributes of our integrated device point the way to a wide
variety of bioanalytical studies on the properties and behavior of
single cells.

Here, we have performed single-cell measurements on the
variation of mRNA knockdown as a result of sSiRNA treatment.

20176 | www.pnas.org/cgi/doi/10.1073/pnas.0806355106

This assay suggests a unique biphasic gene knockdown efficiency
in individual cells that was masked by bulk measurements.
Because the analysis step utilizes a size-based separation, the
multiplex capabilities are determined by the number of products
that can be generated and analyzed, suggesting that the expres-
sion of 5-10 targets could be studied in parallel. By coupling this
microdevice with laser capture microdissection, the heteroge-
neous nature of tumors could be investigated at the single-cell
level (29). It should also be possible to perform a quantitative
single-cell analysis of the effects of siRNA treatment on expres-
sion in hESCs when Oct4 mRNA targeting is used to trigger
differentiation into trophoblast-like cells (30, 31). Moreover,
based on our previous detection of <11 mRNA molecules per
reactor (22), our microfluidic device may ultimately enable
studies of expression from individual cells at the single-transcript
level, once improved product capture, purification, and injection
processes are fully enabled and integrated. Overall, our approach
offers many exciting prospects for revealing the stochastic vari-
ation in gene expression that underlies the ensemble average.

Materials and Methods

Additional procedures are detailed in S/ Text.

Bioprocessor Fabrication. The fabrication protocol is similar to that used in
previous nucleic acid amplification microdevices (22). Briefly, to form the
pneumatic manifold wafer, valve seats and actuation channels were photo-
lithographically defined and etched to a depth of 38 um on a 0.5-mm-thick
borofloat 100-mm glass wafer. Valve actuation access holes were drilled, and
the manifold was diced into reusable 9-mm X 6-cm strips. Removable poly-
dimethylsiloxane (PDMS) elastomer valves were formed by activating both
sides of the 254-um PDMS membrane with a UV ozone cleaner for 1.5 min to
improve PDMS-glass bonding and then sandwiching the membrane between
the manifold and the bonded channel wafers (21).

The reactor/channel wafer was fabricated on a 0.5-mm-thick borofloat
glass wafer. Fluidic channels for pumping were photolithographically defined
on the front side and etched to a depth of 38 um. Reaction, hold, and capture
chambers along with separation channels were photolithographically defined
on the back side and etched to a depth of 20 um. Electrophoresis reservoirs,
resistance temperature detection (RTD) access holes, and valve via holes were
diamond drilled. To form the RTD wafer, a 0.5-mm-thick borofloat glass wafer
sputter deposited with 200 A of Ti and 2,000 A of Pt (Ti/Pt; UHV Sputtering) was
photolithographically patterned and etched with 90 °Caqua regia to formthe
30-um-wide RTD elements and 300-um-wide leads. The drilled reactor/
channel wafer was aligned and thermally bonded to the RTD wafer by using
a programmable vacuum furnace at 655 °C for 6 h.

To form the removable modular heater, a 0.5-mm-thick borofloat glass
wafer was sputter-deposited with 2,200 A of Ti/Pt. Heater leads were formed
by electroplating 6 um of gold onto photolithographically defined areas. Ti/Pt
serpentine resistive heater elements connecting the gold leads were formed
by anisotropically etching photolithographically exposed Ti/Pt in an ion mill.

Jurkat Cell Preparation. T lymphocyte Jurkat cells were cultured in 50-mL flasks
(Nalge-Nunc International) for 48 h in 10 mL of medium (RPMI medium 1640;
Invitrogen) containing 1% penicillin/streptomycin (1% P/S; Invitrogen) and 25
M AcsManNAz resulting in the display of N-azidoacetylsialic acids on the cell
surface glycans (24). For the first 24 h of growth, the cells were cultured with
10% FBS (JR Scientific). The Jurkat cells were washed and incubated in serum-
depleted medium containing 25 puM AcsManNAz for an additional 24 h for
synchronization. Fresh DNA-functionalized Jurkat cells were prepared 1 h
before the analysis. Cells were washed twice with 5 mL of PBS (Ambion)
containing 1% FBS and reacted with 125 uM phosphine-modified ssDNA
(5’-phos-GTA ACG ATC CAG CTG TCA CT-3') in 1% FBS/PBS for 1 h at 37 °C(20).
The cells were then rinsed 3 times with 5 mL of 1% FBS/PBS solution before
introduction into the microfluidic device.

siRNA Treatment. For gene-silencing studies, 150,000 Jurkat cells were elec-
troporated with 2.5 ug of double-stranded GAPDH siRNA (sense, 5'-GGU CAU
CCA UGA CAA CUU UdTdT-3’; Ambion). Cells were suspended in 75 pL of
siPORT electroporation buffer (AM1629; Ambion) and a single pulse is per-
formed in a 1-mm cuvette (Bio-Rad) for 250 us at 250 V. Cells were then grown
and prepared in the same manner as described in the Jurkat cell preparation

Toriello et al.
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section above. For negative control studies, cells were electroporated with 150
pmol of Cy3-labeled siRNA that does not bind to mRNA.

RT-PCR Mixture. Multiplex RNA RT-PCR was performed on GAPDH and 18S
rRNA transcripts directly from Jurkat cells. A 25-uL RT reaction mixture com-
prises a Cell-to-cDNA |1 kit [4 units of Moloney murine leukemia virus (Mo-
MLV) reverse transcriptase, 0.4 unit of RNase inhibitor, 0.1 uM dNTPs, 1X RT
buffer (Ambion)], 0.08 unit of platinum Tag polymerase (Invitrogen), along
with 800 nM forward and reverse primers for the GAPDH gene and 20 nM
forward and reverse primer for the 185 rRNA target. The GAPDH forward
(5'-AGG GCT GCTTTT AACTCT GG-3') and reverse (5'-FAM-TTG ATT TTG GAG
GGA TCT CG-3’) primers generate a 200-bp amplicon. The 18S rRNA forward
(5'-CGG CTA CCA CAT CCA AGG AAG-3) and reverse (5'-FAM-CGC TCC CAA
GAT CCA ACT AC-3’) primers generate a 247-bp amplicon. Controls without RT
and without template were performed on the microdevice by removing the
Mo-MLV RT and Jurkat cells from the reaction mixture, respectively.

Matrix Synthesis. A DNA affinity capture gel is synthesized by copolymerizing
LPAwith 2 5'-acrydite-modified capture oligonucleotides. The affinity capture
matrix is synthesized at 4 °C by sparging a 2-mL solution containing 6% wt/vol
acrylamide, 1X TTE, and 40 nmol of the 2 acrydite-modified oligonucleotides
(IDT) for 2 h with argon followed by the addition of 0.015% wt/vol ammonium
persulfate (APS; Fisher Scientific) and tetramethylethylenediamine (TEMED;
Fisher Scientific). The affinity capture matrix contains capture probes for
GAPDH (5’-Acry-ATC CCA TCA CCA TCT TCC AG-3’, Ty = 54.2; 50 mM mono-
valent salt, 20 uM) and 18S rRNA (5'-Acry-GCA GCC GCG GTA ATT CCA GC-3/,
Tm = 61.9; 50 mM monovalent salt, 20 uM). The GAPDH capture oligonucle-
otide is complementary to a 20-base sequence in the 200-bp amplicon, 23
bases from the 5’ FAM-labeled terminus. The 18S rRNA capture oligonucleo-
tide is complementary to a 20-base sequence in the 247-bp amplicon, 60 bases
from the 5’ FAM-labeled terminus.

Reactor Preparation. The glass surface is derivatized with polydimethylacryl-
amide (PDMA) by using a modified Hjerten coating protocol to prevent
nonspecific cell adhesion (32). First, the reactors glass surface is deprotonated
by incubating with 1 M NaOH for 1 h. The NaOH solution is replaced with a
0.6% (vol/vol) (y-methacryloxypropyl)trimethoxysilane solution (y, Sigma) in
3.5 pH H;0. The bifunctional y-solution prepares the glass surface for acryl-
amide polymer nucleation. During y-solution incubation, 250 uL of dimethy-
lacrylamide is dissolved in 4.75 mL of H,O and sparged with Ar for 1 h. After
Ar sparging, 100 uL of isopropyl alcohol (IPA), 20 uL of TEMED, and 25 L of
10% (vol/vol) APS were sequentially added to the acrylamide solution to form
linear PDMA. The y-solution is removed from the channel, and PDMA solution
incubates in the channel for 1 h. The channel is then rinsed and dried with
acetonitrile.

Next, the photolithographically defined 25-um X 25-um gold pad in the
center of the reaction chamber is functionalized with ssDNA by incubating for
1 h with Tris(2-carboxyethyl)phosphine (TCEP, 200 uM; Invitrogen) depro-
tected thiol-DNA (5’-thiol-AGT GAC AGC TGG ATC GTT AC-3’, 20 uM). The
chamber is then rinsed and dried to remove unbound DNA.

Gel Loading Sequence. The device is prepared for affinity capture and sepa-
ration by treating the separation channels, hold chambers, and capture
chambers with a dynamic coating diluted in methanol for 1 min (1:1; DEH-100;
The Gel Company) to suppress electroosmotic flow. Multiplex affinity capture
matrix (20 uM, 6%, yellow) is loaded from each cathode (C) reservoir up to the
separation channel cross at room temperature. Separation matrix (red) is then
loaded from the central anode (A) past the capture chamber to the sample
load cross. With all of the valves opened, the rest of the system is hydrated by
adding 3 ulL of RNase-free water at the sample ports and applying a vacuum
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at the waste (W) reservoirs. The microdevice is then placed on a 44 °C tem-
perature-controlled stage. An additional 2 uL of water is flushed through the
system to remove thermally expanded gel from the sample load cross.

Bioprocessor Operation. As depicted in Fig. 3, the microdevice operation
begins by preparing the reaction chamber for cell capture. Cell modified to
contain ssDNA on their surface were suspended in the reaction mixture and
drawn into the reaction by vacuum. When a cell flows over the gold cell
capture pad, DNA hybridization occurs between the ssDNA on the surface of
the cell and the complementary ssDNA immobilized on the gold pad. To
maximize capture efficiency, DNA-mediated cell capture was performed for
15 min. The uncaptured cells were washed out of the system and removed at
the waste port, and the valves were closed for thermal cycling. During this
study, all 4 reactors were used in parallel. This enabled simultaneous analysis
from 4 individual cells. After capture, the morphology of each cell is recorded
to ensure that it has remained viable. The total data collection time for the
single-cell studies was 1 month.

Freeze—thaw lysis and 1-step RT-PCR thermal cycling were performed in a
single 200-nL reactor. A piece of dry ice was placed over the reaction chambers
of all 4 reactors for 30 s to freeze-thaw lyse the captured Jurkat cell. Freeze-
thaw lysis was used in this 1-step RT-PCR to prevent early unwanted activation
of the Hot Start Tag polymerase, to prevent denaturation of the reverse
transcriptase enzyme, and to minimize RNA degradation by RNases (33, 34).
Next, a linear 15-min cDNA synthesis from the cells' RNA was performed at
42 °C by using primers complementary to the RNA transcripts of interest
(GAPDH and 18S rRNA). After cDNA synthesis, the Mo-MLV RT was denatured,
and the platinum Taq polymerase was activated at 95 °C for 60 s followed by
30 cycles of PCR at 95 °C for 5's, 47 °C for 20 s, and 72 °C for 25 s. Because of
the rapid heating and cooling rates (>15 °C s~ '), each cycle of PCR is com-
pleted in 50 s, and the total reaction time is 46 min.

After thermal cycling, affinity capture, purification and concentration of
the products of interest were performed. The reactor contents were pumped
into the hold chamber by using a 5-step pump cycle. A 350-ms actuation was
used with each step, resulting in a 30-nL stroke volume. A 23-s delay was used
between each pump cycle to allow sufficient time for the analyte to migrate
into the capture region and to prevent analyte accumulation in the hold
chamber. A constant 100-V/cm field between the waste (W) and cathode (C)
reservoirs electrophoretically drives the analyte toward the capture chamber.
Analytes complementary to the capture probe were hybridized at the en-
trance of the capture chamber, creating a sample plug. The electric field
between the waste and cathode was maintained until residual PCR reactants
(excess primer, salts, and buffer) were washed into the cathode reservoir thus
resulting in a purified amplicon sample plug. Thirty pump cycles were used
resulting in a total capture and wash time of 12.2 min. After the capture
process was completed, the temperature of the entire device was raised to
80 °C to thermally release the captured DNA fragments thermally from the
affinity capture gel, and the sample was separated with a field of 150 V/cm
between the cathode and the anode. The electrophoretically separated FAM-
labeled products from all 4 lanes were detected by using laser-induced fluo-
rescence with the Berkeley rotary confocal scanner (27). The entire capture
and release process was performed on a temperature-controlled stage on the
scanner to prevent thermal gradients.
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